1. Introduction {#sec1}
===============

The growing worldwide population has made clean water crisis increasingly serious. By 2025, two-thirds of the world's population may face the water scarcity problem.^[@ref1]^ This situation has prompted scientists to find a convenient energy-efficient method to purify water. In recent years, forward osmosis (FO) has attracted extensive attention due to its superior properties such as low energy input, high fouling resistance, and high water recovery.^[@ref2]^

With these distinctive advantages, the FO technology has been widely used in many applications, including desalination,^[@ref3]^ power generation,^[@ref4]^ wastewater treatment,^[@ref5]^ food processing,^[@ref6]^ and pharmaceutical industry.^[@ref7]^ However, fabrication of the FO membrane still has some critical challenges. The primary drawback is the internal concentration polarization (ICP) effect during FO operation.^[@ref8]^ The ICP effect results in inefficient mass transport in the membrane and reduces the net driving force across the membrane.^[@ref9]^ The ICP effect can be minimized using a membrane with high porosity, low tortuosity, and minimized thickness to facilitate mass transfer.^[@ref10]^ Typically, the FO membrane is a thin-film composite (TFC) membrane consisting of a microporous supporting layer that provides sufficient mechanical strength and an ultrathin polyamide (PA) active layer for selectivity.^[@ref11]^

In an attempt to optimize the FO performance of TFC membranes, researchers have altered the structure of substrates and incorporated nanomaterials such as carbon nanotubes (CNTs),^[@ref12]^ titanium oxide (TiO~2~),^[@ref13]^ and graphene oxide (GO)^[@ref14]^ to improve the properties of the FO membrane.^[@ref15]^ Apart from these solutions, dual-blade co-casting^[@ref16]^ and electrospun nanofibers^[@ref17]^ have been confirmed to be effective methods to increase the pore connectivity and porosity of the substrate. Among all of the techniques, GO-modified substrates offer a promising approach to promote the FO performance. This is because GO contains abundant functional groups such as carboxyl, hydroxyl, and epoxide groups, which are able to improve both the physical and chemical properties of the FO membrane.^[@ref18]^ In addition, GO also possesses unique properties, including strong hydrophilicity, high chemical stability, and excellent fouling resistance,^[@ref19],[@ref20]^ which are favorable to improve the FO membrane performance.

The performance of the FO membrane can also be improved by increasing the quality of the PA active layer. A high-quality PA layer not only enhances the water permeation of the membrane but also improves membrane selectivity. Typically, the PA active layer, which is formed via interfacial polymerization (IP), shows excellent separation properties over a wide range of pH values and temperatures.^[@ref21]^ However, one disadvantage of the IP method is that the reaction between *m*-phenylenediamine (MPD) and trimesoyl chloride (TMC) is difficult to control, leading to the formation of a rough and thick PA layer. In this regard, Stafford's group proposed an innovative method, termed the molecular layer-by-layer (mLBL) method, to fabricate the PA layer.^[@ref22]^ In this method, the reaction between these two reactive monomers MPD and TMC occurs at the molecular level, resulting in a thinner and flatter PA active layer. Another advantage of the mLBL method is its greater flexibility as it allows the number of layers to be controlled.

Despite being able to produce high-quality films, the mLBL method has some drawbacks. First, it is necessary to hydrolyze the substrate to enable the surface to carry negative charges.^[@ref23]^ A convenient method to accomplish hydrolysis is to soak the substrate in sodium hydroxide (NaOH), but this process would only be suitable for polyacrylonitrile (PAN)-based materials. In addition, when a freestanding PAN substrate was immersed in NaOH, the mechanical strength of the substrate would be reduced, which would negatively influence subsequent processes.

Therefore, we developed a method to prepare a solution, containing dopamine (DA) and GO, in a weakly alkaline environment to negatively charge DA and GO.^[@ref24],[@ref25]^ In general, the DA would be expected to undergo self-polymerization to form polydopamine (PDA). The excellent adhesive properties of the PDA would enable the PDA/GO mixture to be firmly coated onto any substrate,^[@ref26]^ thereby ensuring that the surface is negatively charged. As a result, we proposed a modified mLBL method by replacing the hydrolysis process in the typical mLBL method by coating the membrane surface with PDA/GO. This approach not only maintains the strength of the membrane but also increases the surface hydrophilicity. Additionally, the great surface adhesion properties of PDA would make it possible to apply this method to different substrates.

The purpose of this study is to design a TFC membrane with high water flux (*J*~w~) and low reverse flux (*J*~s~). This work led us to propose a novel method, the modified mLBL, to fabricate PA active layers on different substrates. In this regard, PAN was first coated onto nonwoven fabric (denoted as the nonwoven PAN substrate) followed by coatings of PDA/GO and polyethylenimine/poly(acrylic acid) (PEIPAA) layers and subsequent PA layer deposition. The processes of applying the PDA/GO, PEIPAA, and PA coatings are collectively referred to as the modified mLBL process. In this work, nonwoven fabric was used as a support to provide sufficient mechanical strength for the FO membrane. This method enables a PA layer to be synthesized on freestanding PAN substrates and different substrates, including hydrophilic poly(vinylidene difluoride) (PVDF), to attain highly hydrophilic PVDF and titania-coated carbon nanotube (TCNT) membranes. The effects of processing parameters of the modified mLBL method on the FO performance using different substrates were investigated. To the best of our knowledge, this is the first time the mLBL method is applied to different substrates to enhance the FO performance.

2. Materials and Experiments {#sec2}
============================

2.1. Materials {#sec2.1}
--------------

The PET nonwoven fabric was provided by the Industry Technology and Research Institute (ITRI), Taiwan. Hydrophilic and highly hydrophilic PVDF substrates (the latter with a pore size of 0.22 μm) were obtained from Finetech and ITRI, respectively. Graphite flakes (325 mesh), potassium permanganate (KMnO~4~), and trimesoyl chloride (TMC) (99% purity) were purchased from Alfa Aesar. A TCNT suspension (3 wt % multiwall CNTs in aqueous solution) was purchased from TCNT Corporation. Sulfuric acid (H~2~SO~4~) with 97% purity, hydrochloric acid (HCl, 37%), dopamine hydrochloride (with average molecular weight (*M*~w~) of 329.24), polyacrylonitrile (PAN, with *M*~w~ of 150 000), polyethylenimine (PEI, with *M*~w~ of 750 000), polyacrylic acid (PAA, with *M*~w~ of 100 000), and *m*-phenylenediamine (MPD) with 99% purity were supplied by Sigma-Aldrich. Toluene, acetone, and isopropanol with 99% purity were obtained from ECHO Chemical Co., Ltd., and sodium chloride (NaCl) was purchased from J.T. Baker Chemical.

2.2. Fabrication of Substrate {#sec2.2}
-----------------------------

In this study, we prepared the following five substrates: hydrophilic PVDF, highly hydrophilic PVDF, nonwoven PAN, freestanding PAN, and TCNT. Apart from the hydrophilic and highly hydrophilic PVDF substrates, which are commercially available, the other three substrates, nonwoven PAN, freestanding PAN, and TCNT substrates, were fabricated according to the following procedures.

The nonwoven PAN substrate was fabricated by first dissolving PAN powder in *N*-methyl-2-pyrrolidone (NMP) to prepare a 12 wt % PAN cast solution at 60 °C. The mixture was stirred for 6 h until complete dissolution. Second, after degassing the solution overnight, we cast the solution on the nonwoven fabric and immersed it into the coagulation bath filled with tap water, which we designated as the phase inversion method. Subsequently, we prepared a freestanding PAN substrate by replacing the tap water in the coagulation bath with NMP solution to obtain lace structure in the PAN layer followed by a process of casting 12 wt % PAN on a glass plate, which was immediately immersed in the NMP/water solution with a specific concentration. The freestanding PAN substrate was obtained after the phase inversion process. The TCNT membrane was fabricated by casting a suspension of TCNT on the nonwoven substrate followed by drying at 80 °C.

2.3. Preparation of GO and PDA/GO Solution {#sec2.3}
------------------------------------------

GO was synthesized from graphite powder via the modified Hummers' method.^[@ref27]^ Concisely, 1.0 g of graphite powder (325 mesh) was added to 100 mL of concentrated H~2~SO~4~ and stirred at 10 °C for 1.0 h. Subsequently, 4.0 g of KMnO~4~ was slowly added under stirring at 30 °C for 6.0 h. Finally, 150 mL of deionized (DI) water was introduced for dilution and the obtained mixture was centrifuged and rinsed repeatedly with DI water until the solution was neutral. The PDA/GO coating solution was prepared by the dissolution of 1.0 g of dopamine HCl in 500 mL of 10 mM Tris--HCl buffer solution at pH = 8.5 with 20 mg of GO.

2.4. Fabrication of the TFC-FO Membrane {#sec2.4}
---------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} illustrates the processes by which the TFC-FO membrane was synthesized. The prepared nonwoven substrate coated with PAN was immersed in the PDA/GO solution for 4.0 h and then rinsed repeatedly with DI water to remove the unreacted chemicals on the substrate. After coating of the PDA/GO onto the substrate, the negatively charged substrate was soaked in a 0.5 M NaCl aqueous solution containing cationic 0.1 wt % PEI for 15 min, followed by washing with DI water. The substrate onto which PEI was deposited was soaked in a 0.5 M NaCl aqueous solution containing anionic 0.1 wt % PAA for 10 min and subsequently rinsed with DI water to complete the construction of the PEI/PAA interlayer.

![Synthesis processes of the TFC-FO membrane; the substrates include nonwoven PAN, freestanding PAN, hydrophilic PVDF, highly hydrophilic PVDF, and TCNT.](ao0c01752_0001){#fig1}

Finally, the PA active layer was formed on the PEI/PAA-deposited substrate by alternative cross-linking of MPD and TMC. Briefly, the membrane was first dipped in 1 wt % MPD in toluene for 30 s followed by rinsing with acetone to remove the unreacted MPD solution. Afterward, 1 wt % TMC in toluene was poured onto the membrane for 30 s followed by washing with toluene. This process, which is defined as one mLBL cycle, can be repeated several times until the desired number of mLBL cycles has been reached. It should be noted that, after the last cycle, the membrane was exposed to hot air for 10 s at 70 °C to cure the PA layer.

2.5. Film Characterizations and Designation of Sample Names {#sec2.5}
-----------------------------------------------------------

### 2.5.1. Characterization of the TFC-FO Membrane {#sec2.5.1}

The morphologies of the membranes were examined by field emission scanning electron microscopy (FESEM, JEOL JSM-8100). The surface roughness was quantified by atomic force microscopy (AFM, BRUKER) using the tapping mode in a selected area of 5 μm × 5 μm. The characteristic chemical bonding of the fabricated TFC membrane was investigated using attenuated total reflection--Fourier transform infrared (ATR-FTIR) spectroscopy in the range of 600--4000 cm^--1^ using the transmittance mode. The hydrophilicity of different surfaces was assessed by measuring the water contact angle (First Ten Ångstroms FTA125). The chemical compositions of the membranes were investigated by X-ray photoelectron spectroscopy (XPS, ULVAC-PHI).

### 2.5.2. FO Performance of the TFC-FO Membrane {#sec2.5.2}

Based on the method proposed by Cath, we built a lab-scale system to evaluate the FO performance of the fabricated TFC-FO membrane.^[@ref28]^ The feed (FS) and draw (DS) solutions of this system consisted of DI water (800 mL) and a 1 M NaCl solution (600 mL), respectively. The effective membrane area was 16 cm^2^, and the flow rate for both the FS and DS was 25 cm/s. Each membrane was tested for 2.0 h, and the data collected during the first 30 min were discarded in consideration of system stabilization. The water flux and reverse salt flux were determined based on the data obtained during the remaining 90 min using [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}, respectivelywhere *W* is the weight increase of DS, ρ~w~ is the density of water, *A*~m~ is the effective membrane area, Δ*V* is the volume change of the DS during the operating time Δ*~t~*, *C~t~* is the concentration of salt, and *V~t~* is the volume of the FS.

Salt rejection (*R*) was calculated according to [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, using 0.6 M NaCl as the FS and 2.0 M MgCl~2~ as the DS.where *C*~f~ represents the salt concentration in the feed solution and *C*~p~ represents the permeated salt concentration.

### 2.5.3. Designation of Sample Names {#sec2.5.3}

In this study, we used five substrates, as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. For the PAN system, samples were named according to the formula **α**-**β-γ**PAN**δ**-**z**, where α represents the substrate with or without nonwoven fabric, β-γ signifies the ratio of NMP to water in the coagulation bath, **δ** denotes the casting thickness of PAN (μm), and z represents the PA forming method. For example, Freestanding-9-1PAN 300-mLBL3 means that nonwoven fabric was not used, the ratio of NMP to water is 9:1, the PAN casting thickness is 300 μm, and three PA layers were synthesized using the modified mLBL method.

###### Naming of the Samples in This Study

  sample                         casting thickness (μm)   PA forming method (layer)
  ------------------------------ ------------------------ ---------------------------
  Nonwoven-0-1PAN150-mLBL5       150                      modified mLBL5
  Nonwoven-0-1PAN150-mLBL3       150                      modified mLBL3
  Nonwoven-0-1PAN150-mLBL1       150                      modified mLBL1
  Freestanding-0-1PAN300-mLBL3   300                      modified mLBL3
  Freestanding-0-1PAN250-mLBL3   250                      modified mLBL3
  Freestanding-9-1PAN300-mLBL3   300                      modified mLBL3
  Freestanding-9-1PAN300-IP      300                      IP
  Sample                         Supporting Layer Type    PA Forming Method (layer)

  ------------------------- ------ ----------------
  hydrophilic PVDF          PVDF   modified mLBL3
  highly hydrophilic PVDF   PVDF   modified mLBL3
  TCNT                      TCNT   modified mLBL3
  ------------------------- ------ ----------------

The FO membranes that were fabricated without using PAN were named based on the substrate being used, for example, hydrophilic PVDF, highly hydrophilic PVDF, or TCNT.

3. Results and Discussion {#sec3}
=========================

3.1. Fabrication of Nonwoven PAN Substrate Using the Modified mLBL Method {#sec3.1}
-------------------------------------------------------------------------

### 3.1.1. Membrane Morphology {#sec3.1.1}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the morphological variation of the membrane surface during the modified mLBL processes. The surface of the PAN layer contains a large number of nanoscale pores ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). After PDA/GO coating, the extruded structure can be observed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), which becomes uniform after coating with PEIPAA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), indicating that the PEIPAA layer can effectively prevent the penetration of MPD and TMC into the supporting layer. Finally, the nodular structure of the PA layer shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d indicates the successful formation of the active layer.^[@ref29]^

![Top-view FESEM images of Nonwoven-PAN150-mLBL3 TFC membrane: (a) PAN layer, (b) after PDA/GO coating, (c) after PEIPAA deposition, and (d) after PA layer deposition.](ao0c01752_0003){#fig2}

### 3.1.2. ATR-FTIR Spectroscopy {#sec3.1.2}

ATR-FTIR spectra are used to demonstrate the formation of each designed layer. Based on the spectra plotted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the presence of the PAN layer is confirmed by the three peaks at 2940, 2244, and 1455 cm^--1^, which are attributed to the C--H, C≡N, and −CH~2~ bonds, respectively.^[@ref30]^ The peaks shown in the PDA/GO spectrum are basically the same as those of the PAN substrate except the peak at 2343 cm^--1^, which is attributed to the O=C=O bond resulting from the CO~2~ contamination. It is because that the PDA/GO coating layer is too thin to be detected and the typical peaks for PDA cannot be obviously observed in the spectrum. PEIPAA deposition adds additional carboxyl groups to the membrane, leading to the increased intensities of peaks at 3410 cm^--1^ (O--H) and 1568 cm^--1^ (asymmetric C=O stretching of COO^--^),^[@ref31]^ inferring that the membrane is more negatively charged due to the presence of COO^--^. Finally, the three characteristic peaks of PA are 1663, 1609, and 1541 cm^--1^, which are attributed to the C=O (amideI), N--H, and −CO--NH-- bonds, respectively,^[@ref32]^ indicating the successful formation of the PA layer.

![ATR-FTIR spectra of the Nonwoven-PAN150-mLBL3 TFC membrane after each process of the modified mLBL method: (a) PAN substrate, (b) after coating PDA/GO, (c) after deposition of PEIPAA, and (d) after PA layer coating.](ao0c01752_0004){#fig3}

### 3.1.3. AFM Analysis {#sec3.1.3}

AFM was used to study the roughness of the deposited surfaces, and the results are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows a roughness of 11.6 nm for the PAN layer. After coating the PAN layer with PDA/GO, the surface roughness slightly increases to 14.6 nm due to the presence of extruded GO nanosheets from the PDA. The surface roughness decreases after deposition of the PEIPAA layer, as depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. The flatter surface of the deposited PEIPAA layer is beneficial for the formation of the PA layer because the reaction is more homogeneous.^[@ref26]^ Finally, a high surface roughness of 65.6 nm was determined for the PA, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, which is consistent with the FESEM results.

![AFM images of Nonwoven-PAN150-mLBL3 TFC membrane during processing: (a) PAN layer, (b) after PDA/GO coating, (c) after PEIPAA deposited, and (d) after the formation of PA layer. Ra is the arithmetic mean deviation of the surface.](ao0c01752_0005){#fig4}

### 3.1.4. Contact Angle and XPS Analysis {#sec3.1.4}

The water contact angle is used to study the surface wettability of the membrane, as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01752/suppl_file/ao0c01752_si_001.pdf), Supporting Information. In [Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01752/suppl_file/ao0c01752_si_001.pdf), pristine PAN has a water contact angle of approximately 60°, with the characteristic of a hydrophilic substrate. After the PDA/GO coating on the PAN surface, which is shown in [Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01752/suppl_file/ao0c01752_si_001.pdf), the water contact angle decreases to approximately 40°, indicating that the PDA/GO coating increases the hydrophilic nature of the membrane, which is favorable for FO application.^[@ref33]−[@ref36]^

XPS is used to quantify the degree of cross-linking of the PA layer. An oxygen-to-nitrogen (O/N) ratio close to 1 indicates that the PA layer is fully cross-linked, whereas an O/N ratio close to 2 indicates that the PA layer is fully linear.^[@ref34]^ The XPS result shows that the PA layer on the Nonwoven-PAN150-mLBL3 membrane has an O/N ratio of 1.18, suggesting that the PA layer formed by the modified mLBL method possesses a remarkable degree of cross-linking, which is responsible for the good selectivity of the TFC-FO membrane.

### 3.1.5. Tests of FO Performance {#sec3.1.5}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows the top and cross-sectional views of the PA layer on the Nonwoven-PAN150-mLBL membranes with different coating cycles. The nodular or ridge-valley structure on the surfaces indicates the successful formation of the PA active layer via the modified mLBL method and is independent of the number of mLBL cycles.^[@ref29]^ Increasing the number of mLBL cycles obviously produces thicker PA layers, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a(vi). The thick PA layer is unfavorable for the FO application because of the high resistance for water permeation of the active layer. However, an overly thin PA layer results in low membrane selectivity. Thus, it is necessary to determine the proper number of mLBL cycles required to optimize the FO performance.

![Morphological images of the TFC membrane prepared using different mLBL cycles: (a) top view and cross-sectional view of PA layer on the Nonwoven-PAN150-mLBL membrane: (i, iv) mLBL1, (ii, v) mLBL3, (iii, vi) mLBL5; (b) FO performance of the Nonwoven-PAN150-mLBL membrane with different mLBL cycles (under FO mode).](ao0c01752_0006){#fig5}

As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, the FO performance of the membranes prepared by varying the number of mLBL cycles was measured. The results reveal that both the mLBL3 and mLBL5 membranes outperform the mLBL1 membrane in terms of FO performance and the mLBL3 membrane has a higher *J*~w~ than the mLBL5 membrane and an acceptable *J*~s~ value. Thus, we chose the three-cycle process to prepare the PA active layer by the modified mLBL method for most of the PAN-based membranes.

3.2. Preparation of Freestanding PAN Membrane via the Modified mLBL Method {#sec3.2}
--------------------------------------------------------------------------

To increase the value of *J*~w~, we fabricated a PA layer on freestanding PAN substrates using the modified mLBL method. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, membranes with different PAN casting thicknesses were prepared to investigate their FO performance. Obviously, as the PAN casting thickness decreases, both *J*~w~ and *J*~s~ increase because the lower resistance of the thinner membrane promotes the exchange of water and solute molecules across the membrane, thereby alleviating the ICP effect.^[@ref10]^

![FO performances of TFC-FO membrane: (a) different PAN casting thicknesses of Freestanding-0-1PAN**δ**-mLBL3 and (b) different PA forming methods on Freestanding-9-1PAN300-**z** (under FO mode).](ao0c01752_0007){#fig6}

We also used the modified mLBL method to fabricate Freestanding-9-1PAN with a lace structure and compared the performance with the FO membrane containing a PA layer formed by the IP method ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). The results indicate that the FO properties of the PA layer formed by the modified mLBL method are superior to those formed by the IP method. This is attributed to the presence of the PEIPAA layer, which prevents the PA layer from coming into direct contact with the PAN layer and enhances the flatness of the supporting layer. As a consequence, the PEIPAA layer decreases the mass transport resistance between the active and supporting layers, resulting in a higher *J*~w~ value. In this regard, a key step during processing is to rinse the surface to remove the MPD and TMC residues after each mLBL cycle. As a result, a dense PA layer can be attained, which provided a lower resistance than that formed by the IP method, thereby improving the selectivity of the membrane.

3.3. Processing of Hydrophilic PVDF, Highly Hydrophilic PVDF, and TCNT Membranes {#sec3.3}
--------------------------------------------------------------------------------

### 3.3.1. Membrane Morphology {#sec3.3.1}

In this study, we also employed the modified mLBL method to fabricate FO membranes on different substrates. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a--c depicts the surface morphologies of different substrates, including the hydrophilic PVDF, highly hydrophilic PVDF, and TCNT substrates, respectively. The figure also shows that the highly hydrophilic PVDF possesses the largest pores among these three substrates. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c,f shows the porous structure of entangled CNTs. However, the pore size is much smaller than that of the highly hydrophilic PVDF. Among these three substrates, highly hydrophilic PVDF possesses the largest pore size, which is beneficial for water permeation.

![Surface morphologies of the different substrates: (a) hydrophilic PVDF, (b) highly hydrophilic PVDF, and (c) TCNT substrates. (d--f) High-magnification images of (a--c), respectively.](ao0c01752_0008){#fig7}

As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, the nodular or ridge-valley structure on the surface reveals the successful formation of the PA layer prepared by the modified mLBL method. Additionally, we also captured a cross-sectional view of the pore structure of the PA layer on the membrane. Based on [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}e, the highly hydrophilic PVDF membrane shows high pore continuity, which lowers the resistance for water permeation.

### 3.3.2. AFM Analysis {#sec3.3.2}

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the surface morphologies of the TFC-FO membranes prepared using different substrates, and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} summarizes the surface roughness of different membranes during the modified mLBL process. The morphology depicted in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}e indicates that highly hydrophilic PVDF possesses the largest pore size. Although a large pore size is beneficial for water permeation, an excessively large pore size may cause the PA active layer to easily fracture during the FO test because of less contact area between the supporting and active layers. Therefore, we analyzed the topography of the different membranes after each process by AFM to investigate the surface roughness change during the modified mLBL process. After application of the PDA/GO coating, the surface roughness of all of the membranes decreases because the smooth surface of the GO nanosheets flattens the surface. However, after coating the surface with GO alone without PDA acting as a binder, the GO nanosheets can be easily peeled off from the substrate. On the other hand, exposing the substrate to PDA alone increases the surface roughness because of the presence of GO; thus, both PDA and GO are essential for designing a high-performance FO membrane. The deposition of PEIPAA on the substrate further decreases the surface roughness of the membranes. A flatter membrane surface is beneficial for the PA formation because it enables a more homogeneous reaction.

![Surface morphologies of the TFC-FO membranes prepared using different substrates: (a) hydrophilic PVDF, (b) highly hydrophilic PVDF, and (c) TCNT substrate. (d--f) Cross-sectional views of (a--c), respectively.](ao0c01752_0009){#fig8}

###### Surface Roughness of the Membranes During The Modified mLBL Process[a](#t2fn1){ref-type="table-fn"}

  sample                    Ra (nm)   Rq (nm)
  ------------------------- --------- ---------
  hydrophilic PVDF          29.6      40.4
  after PDA/GO              20.7      26.6
  after PEIPAA              14.4      18.0
  highly hydrophilic PVDF   101.0     131.0
  after PDA/GO              66.2      93.6
  after PEIPAA              59.6      88.7
  TCNT                      56.8      73.5
  after PDA/GO              47.4      62.1
  after PEIPAA              37.8      49.7

Ra: roughness, Rq: root mean square.

### 3.3.3. Contact Angle Analysis {#sec3.3.3}

The water contact angles of different membranes are compared in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a. After PDA/GO coating, the water contact angles of all of the membranes decrease, indicating that PDA/GO increases the hydrophilic nature of the membrane. However, the difference in the water contact angle of these three membranes after PDA/GO coating is insignificant. These results seem to be related to the surface pore size because a large pore size may decrease the ability of a water droplet to stand on the membrane, resulting in a smaller water contact angle. Furthermore, it is noteworthy that during measurement of the contact angle, a water droplet on the highly hydrophilic PVDF substrate disappeared within 16 s, indicating the large pore size and high pore continuity of this substrate.

![(a) Water contact angles of different TFC-FO membranes and (b) FO performance of different TFC-FO membranes. (under FO mode).](ao0c01752_0010){#fig9}

### 3.3.4. FO Performance {#sec3.3.4}

The FO performance of different membranes was investigated. As shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b, obviously, the highly hydrophilic PVDF membrane exhibits the highest water flux. The water flux is related to the pore size and pore continuity in the supporting layer; therefore, the larger pore size and higher pore continuity promote the efficient exchange of water and salt molecules across the membrane, leading to a milder ICP effect and facilitating water permeation. Among all of the membranes studied in this work, the highly hydrophilic PVDF membrane has excellent FO properties, with a water flux of 17.32 LMH and a reverse solute flux of 4.34 gMH. Furthermore, the salt rejection rate of the highly hydrophilic PVDF membrane is 86.7%, indicating the outstanding salt rejection properties of the membrane.

These excellent FO properties of the highly hydrophilic-PVDF-mLBL3 membrane led us to investigate the effect of different DS concentrations on the FO as well as the PRO performance. [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a,b depicts the results in FO mode and PRO mode, respectively. As shown in the figure, under the same operating conditions, the water flux increases with an increase in the DS concentration in both FO and PRO modes owing to the larger osmotic driving force across the membrane. A comparison of *J*~w~ values in FO and PRO modes at the same DS concentration shows that the water flux in FO mode is much lower than that in PRO mode because of the greater severity of the ICP effect in FO mode. Additionally, at a higher DS concentration, the difference in the water flux between FO and PRO increases due to the more serious salt leakage problem at higher DS concentration, resulting in greater external concentration polarizations (ECP) and ICP effects in FO mode.^[@ref29]^ With respect to the reverse salt flux depicted in the figure, the trend of *J*~s~ is highly similar to that of *J*~w~ because of the elevated driving force across the membrane with the increase in the NaCl concentration. Nevertheless, all of the values are still acceptable.

![FO performance of the highly hydrophilic-PVDF-mLBL3 tested with different concentrations of NaCl solution: (a) in FO mode and (b) in PRO mode. Comparison of this work with other TFC-FO membranes: (c) in FO mode and (d) in PRO mode. The red mark shows the results of this study.](ao0c01752_0002){#fig10}

As depicted in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c,d, we compare the performance of our fabricated membranes with that of those prepared by others. The results show that our membranes outperform the commercial HTI membrane in both FO mode ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c) and PRO mode ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}d). In addition, the results of this study are comparable to those of other studies, indicating the potential of the modified mLBL method for designing TFC-FO membranes.

4. Conclusions {#sec4}
==============

In this study, we demonstrated that the PA film formed by the modified mLBL method has more advantageous properties than that formed by the IP method, and we found that the use of PDA/GO-coated surfaces not only increases the hydrophilicity of the support membrane but also decreases its surface roughness, thereby facilitating the formation of the PA layer. Moreover, compared to the membrane fabricated using the typical mLBL method involving the PAN layer only, the modified mLBL method is suitable for all kinds of membranes owing to the superior adhesion of PDA. Among all of the TFC-FO membranes fabricated by the modified mLBL method, the highly hydrophilic PVDF membrane has the best FO properties, with a water flux of 17.32 LMH and a reverse solute flux of 4.34 gMH. In addition, an extremely high flux and a reverse solute flux of 60.15 LMH and 14.88 gMH, respectively, can be achieved in PRO mode with 2.0 M DS. Obviously, the TFC-FO membrane prepared using this novel method to fabricate the PA layer has high potential for application in future FO technologies.
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